Objective: To investigate the effect of brief-tone stimulus duration on the amplitude of the brain stem auditory steady-state response (ASSR), both in single-and multiple-stimulus conditions. Design: In Experiment 1, the primary stimuli were Blackman-windowed 500-and 2000-Hz brief tones presented using repetition rates of 79 and 83 Hz, respectively. Stimuli had durations ranging from 0.5 to 12 msec. In the single-stimulus condition, these two stimuli were presented dichotically, whereas in the four-stimulus multiple-stimulus condition, instead of being presented alone, each stimulus was combined with three interfering stimuli, which were also Blackman-windowed brief tones spaced one octave apart, and presented at rates of 77 to 96 Hz. In Experiment 2, the effect of brief-tone duration and the effect of interfering stimuli were further studied by systematically removing interfering stimuli from the multiple stimuli, with the goal of determining which specific stimuli in the multiple stimuli were responsible for the interference. In both experiments, stimuli were presented at 75 ppe dB SPL. The subjects were normal-hearing adults, who relaxed or slept during the recording sessions.
Conclusion:
Although brief tones may result in larger-amplitude ASSRs, their duration must be quite brief (not more than three to four cycles) to show a significant amplitude increase. Moreover, when presented together with other stimuli in the multiple-stimulus technique, response interference reduces the amplitudes of ASSRs, and for 500 Hz removes the amplitude gain normally seen with decreasing duration. Brief-tone stimuli, therefore, may not be optimal for ASSR threshold estimation, especially because of the compromise in frequency specificity accompanying the use of very brief tones. (Ear & Hearing 2008; 29; 121-133) Frequency-specific measures of hearing, as typically obtained by behavioral hearing assessment, are essential for early intervention of hearing loss (e.g., Ross & Seewald, 1988) . Tone-evoked auditory brain stem responses (ABRs) are the current method of choice to obtain this information from infants, young children, and multihandicapped individuals who are not able to cooperate during traditional behavioral testing (Stapells, 2000a,b) . One limitation of the tone-ABR is that only one stimulus may be presented at a time; it would be more time efficient if responses to multiple stimuli and/or both ears could be obtained simultaneously. Another limitation is that determination of the presence or absence of tone-ABRs depends highly on a clinician's skill and experience (Stapells, 2000a) . Brain stem auditory steady-state responses (ASSRs), evoked by amplitude/frequency modulated (AM/FM) tones at rates of 70 to 110 Hz, are currently of great interest (e.g., Luts, Desloovere, & Wouters, 2005; Picton, Dimitrijevic, Perez-Abalo, & van Roon, 2005; Rance et al., 2005; Stapells, Herdman, Small, Dimitrijevic, & Hatton, 2005) . Multiple simultaneous stimuli may be used provided the stimuli are modulated at different rates; responses specific to each stimulus are assessed by measuring the spectral component corresponding to the rate of modulation in the frequency domain (John, Lins, Boucher, & Picton, 1998; John & Picton, 2000; Lins & Picton, 1995) , thereby allowing for rapid assessment of threshold at audiometric frequencies. ASSR detection is based on statistical tests that reduce the potential bias of subjective interpretation (for review, see Picton, John, Dimitrijevic, & Purcell, 2003) . Many studies have shown the 70 to 110 Hz ASSRs provide reasonably accurate measures of hearing threshold in normal or hearing-impaired adults (e.g., Dimitrijevic, et al., 2002; Herdman & Stapells, 2003; Vander Werff & Brown, 2005) . Although the data from hearing-impaired infants are somewhat limited for the ASSR to multiple stimuli (for review, see Stapells, et al., 2005) , these brain stem ASSRs show promise for estimation of the audiogram in infants and young children (e.g., Han, Mo, Liu, Chen, &Huang, 2006; Luts, et al., 2005; Rance, et al., 2005) .
The stimuli used in most ASSR studies over the past 10 years have primarily been continuous AM or AM/FM tones. However, brief transient stimuli have also been suggested for the ASSR Sturzebecher, Cebulla, & Pschirrer, 2001 ). When determining frequency-specific ASSR thresholds for audiometric assessment, larger response amplitudes probably result in faster response detection and possibly closer estimation to behavioral thresholds . Sinusoidally amplitude-modulated tones, although having good frequency specificity, result in smaller ASSR amplitudes because of a combination of (1) the relatively slow rise time to maximum amplitude and (2) the more-limited activation along the basilar membrane. The rise time may be shortened and/or the spectral width of the stimuli widened to increase ASSR amplitude. However, the result must be a compromise between response amplitude increase and decrease in the frequency specificity of the stimuli. A number of studies have shown increased amplitude for stimuli with wider spectra, including AM/FM , exponential modulated envelope , multiple carrier frequencies modulated at the same modulation frequency stimuli Sturzebecher, et al., 2001) , modulated noise , and brief-tone stimuli . Recently, there has been interest in using ASSRs to brief broadband stimuli for rapid hearing screening in newborns (e.g., John, et al., 2003; Sturzebecher, Cebulla, & Neumann, 2003) . In the hope of obtaining larger amplitudes and thus faster threshold estimation, brief-tone stimuli have recently been used to elicit brain stem ASSRs for frequency-specific threshold estimation in normal-hearing adults (Tlumak, Durrant, & Collet, 2007) and in hearingimpaired children (Han et al., 2006) ; at least one commercial ASSR instrument uses brief-tone stimuli [Intelligent Hearing Systems (IHS) "SmartEP-ASSR"; duration 4 to 8 msec] as its default stimuli.
In the 1980s and 1990s, numerous studies investigated the effects of stimulus rise time and duration on the transient tone-evoked ABR, showing larger ABR amplitudes for stimuli with shorter rise times (e.g., Beattie, Moretti, & Warren, 1984; Beattie & Torre, 1997; Cobb, Skinner, & Burns, 1978; Jacobson, 1983; Kodera, Hink, Yamada, & Suzuki, 1979; Stapells & Picton, 1981) . Little is known, however, of the effects of brief-tone rise time or duration on brain stem ASSR amplitudes. In an elegant study that investigated ASSRs to multiple simultaneous amplitude-modulated stimuli with exponential (sin N ) modulation envelopes, presented data which indicates stimuli with shorter durations and/or faster rise times produce larger amplitude ASSRs. Setting N to 1, 2, 3, or 4 results in stimuli with durations decreasing from approximately 12 msec (N ϭ 1) to approximately 7 msec (N ϭ 4); John et al. results show that a decrease in duration (increase in N) resulted in increased ASSR amplitudes, especially and for lower intensity (35 dB peak SPL) stimuli. No significant differences were seen across frequency, although 500 and 4000 Hz showed a trend for greater enhancements. Amplitudes for 55 dB peak SPL stimuli only showed a significant increase when going from N ϭ 1 (sinusoidal AM, 12-msec approximate duration) to N ϭ 2 (exponential AM, approximately 9 msec), with no differences between the different exponential envelopes. John et al. concluded that N ϭ 2 exponential envelopes are likely optimal for clinical audiometry. No study has investigated the effects of stimulus duration (or rise time) on brain stem ASSRs to higher intensity stimuli (e.g., 75 to 80 dB SPL) or to brief-tone stimuli. It is not known whether very brief tonal stimuli (i.e., Ͻ7 msec stimuli studied by produce significant amplitude increases, and thus it is not known whether brief-tone stimuli, with their concomitant decreased acoustic frequency specificity, are useful for threshold estimation purposes.
Several studies have studied the effects of interactions between stimuli (and responses) on the brain stem ASSRs to multiple simultaneous AM tones (e.g., Herdman & Stapells, 2001; John et al., 1998; Lins & Picton, 1995) . Those studies indicate that, for 60 dB SPL stimuli, the amplitude of responses to multiple stimuli presented simultaneously are not significantly different from those when the stimuli are presented alone, provided each carrier frequency are at least one octave apart. However, at higher intensities (e.g., 75 dB SPL), responses to the different stimuli interfere destructively ("interactions"), resulting in attenuation of the response amplitude, especially to lower carrier frequencies (John, et al., 1998) . Research to date, however, suggests that these amplitude decreases are not enough to make the multiple-stimulus technique less efficient than single stimuli (John, Purcell, Dimitrijevic & Picton, 2002) . However, as one decreases the duration of stimuli, their acoustic spectra broaden, and the broader spectra could result in greater interference between responses to multiple stimuli, to the extent that the multiple-stimulus technique might become less efficient than simply using single stimuli. The exponential stimulus study of unfortunately only assessed responses in the multiple-stimulus condition (four stimuli per ear; eight total), thus it is not possible to determine the extent to which the amplitude increases seen with decreasing stimulus duration might have been attenuated by the presence of interactions. Very brief tones will have significant spectral splatter (e.g., Stapells & Picton, 1981) -presenting these together with other brief-tone stimuli in a multiplestimulus technique could result in large amplitude reductions. As researchers, clinicians, and equipment companies begin to use multiple brief-tone (and other brief transient) stimuli to elicit the ASSR, it is important to better understand the effects of stimulus duration on these responses.
The present study carried out two experiments, recording the brain stem ASSRs to brief-tone stimuli with differing durations and presented at a relatively high stimulus intensity [75 dB peak-to-peak equivalent (ppe) SPL]. In Experiment 1, stimuli were presented as a single stimulus or as multiple (4) stimuli to an ear to determine (1) the effect of brief-tone duration on brain stem ASSR amplitude and (2) the effect of multiple-stimulus response interactions on the effects (if any) of brief-tone duration. As stimulus duration decreases (and the frequency spectra of the stimuli broaden), it is possible that interference increases, decreasing the amplitudes of ASSRs in the multiple-stimulus condition, and resulting in significant differences between ASSRs in the single versus multiple conditions. In Experiment 2, the effect of brief-tone duration and the effect of interfering stimuli were further studied by systematically removing interfering stimuli from the multiple stimuli, with the goal of determining which specific stimuli in the multiple stimuli produced the greatest interference. If removal of an interference stimulus has no effect on the ASSR to another stimulus, that interfering stimulus is not the cause of the ASSR amplitude reduction seen in the multiple-stimulus condition. In contrast, if removal of an interfering stimulus results in a significant increase in the amplitude of the ASSR to the other stimulus, this would indicate that the interfering stimulus was causing (at least in part) the ASSR amplitude reduction in the multiple-stimulus condition.
MATERIALS AND METHODS

Subjects
This study involved two groups of subjects aged from 18 to 40 yr of age (mean age 27.1 yr), with 12 subjects (10 women) in Experiment 1 and eight subjects (6 women) in Experiment 2. All subjects had normal hearing with pure-tone behavioral airconduction thresholds of 20 dB HL or better in both ears from 250 to 8000 Hz. Two additional subjects were rejected from the study because of the missing responses in at least two conditions (see below).
Stimuli
Stimuli were Blackman-windowed brief tones generated by the IHS SmartEP-ASSR system (D/A conversion rate ϭ 20 kHz) and presented via ERA-3A insert earphones at 75 dB ppe SPL at each carrier frequency.* Because of time limitations, the present studies focused on the effects of stimulus duration on ASSRs to two primary frequencies, 500 and 2000 Hz. The 500-Hz primary stimuli were repeated at a rate of 79 Hz with total durations ranging from 2 to 12 msec; the 2000-Hz primary stimuli were repeated at a rate of 83 Hz with total durations ranging from 0.5 to 12 msec. All of the stimuli had no plateau.
† At these repetition rates, the stimuli with a 12-msec duration are approximately similar in duration to the continuous amplitude-modulated tones used in many ASSR studies (i.e., approximately one cycle of the modulation or repetition rate). Figure 1 presents the frequency spectra of several of the primary stimuli with their durations expressed in both terms of number of cycles as well as in milliseconds. Spectra for stimuli with one-cycle durations (i.e., 2 msec for 500 Hz and 0.5 msec for 2000 Hz) are quite broad, whereas those with six-cycle (or longer) durations are reasonable frequency specific. To study the interactions between responses to multiple simultaneous stimuli, "interfering" stimuli were also constructed. These interfering stimuli were four-cycle-duration Black-*These stimuli are different from the IHS Smart-EP ASSR default stimuli [which are brief Blackman-windowed tones with 8 msec (500 Hz) and 4 msec (1000 to 4000 Hz) total durations]. † In the present study, changing stimulus duration changed both the rise time and duration. Increasing the stimulus duration also decreased the silent period (the interstimulus interval) between stimuli. However, the onset-to-onset intervals (also called stimulus onset asynchrony (SOA)) remained unchanged as duration changed.
man-windowed 500-, 1000-, 2000-and/or 4000-Hz brief tones presented at different repetition rates. Frequency spectra for these interfering stimuli are presented in the bottom of Figure 1 . Different stimulus conditions involved various combinations of the interfering stimuli with the primaries. Details of the primary and interfering stimuli in each condition in each experiment are provided in Table 1 .
As outlined in Table 1 , this study included two experiments. Experiment 1 explored the effect of stimulus duration on single and multiple ASSRs. In the single-stimulus condition, the primary 2000-Hz brief tones (with total durations of 0.5, 2, 3, 6, 8, or 12 msec) were presented to one ear, whereas the primary 500-Hz brief tones (with total durations of 2, 4, 6, 8, 10, or 12 msec) were presented to the other ear. In the multiple-stimulus condition, the primary stimuli were combined with three interfering stimuli (i.e., a total of four stimuli simultaneously to each ear) ( Table 1) . The ears to which the primary stimuli were presented were randomized across subjects, as was the order of condition and duration in each ear.
Experiment 2 further studied the effect of brieftone duration and the effect of interfering stimuli by systematically removing interfering stimuli from the multiple stimuli. Its goal was to determine which specific stimuli in the multiple stimuli conditions produced the greatest interference. Based on the results of Experiment 1, durations of 0.5, 2, and 12 msec were tested for the 2000-Hz primary stimuli. There were five conditions (A to E, with A equivalent to the multiple condition in Experiment 1), resulting in a total of 15 stimuli (five conditions ϫ three durations). To randomly pair 500-Hz stimuli in one ear with the 2000-Hz stimuli in the other ear, the same number of stimuli (15) were required for the primary 500-Hz brief tones. With fewer options for removal of interfering stimuli, three conditions (A to C, with A equivalent to the multiple condition in Experiment 1) and five durations (2, 4, 6, 8, and 12 msec) made up the 15 stimuli. Details of the conditions in Experiment 2 are presented in Table 1 . Again, the ears to which the primary stimuli were presented and the order of stimuli were randomized.
Calibration
All stimuli were individually calibrated in dB ppe SPL. The primary stimuli in the single-stimulus condition were calibrated to 75 dB ppe SPL using a Quest Model 1800 sound level meter and a Brü el and Kjaer DB0138 2-cc coupler. Primary and interference stimuli in the multiple-stimulus conditions were adjusted to have the same peak-to-peak voltages as those of single stimulus condition.
Recordings
ASSRs were recorded using the IHS Smart-EP ASSR. The noninverting electrode was placed on the high forehead, whereas the two inverting electrodes were at the mastoids ipsilateral to the primary stimuli. An electrode on the low forehead served as the ground. All interelectrode impedances were below 3k Ohms at 1000 Hz. Both ears were tested simultaneously and two-channel EEG recordings were utilized; however, only the results for stimuli presented to the ear ipsilateral to an EEG channel were assessed.
The EEG was filtered using a 30-to 300-Hz filter (12 dB/octave), and amplified with a gain of 100,000, then processed using an A/D conversion rate of 20 kHz. Each sweep lasted 1024 msec and was rejected if its amplitude exceeded Ϯ30 V. Sweeps were averaged in the time domain and this average was submitted to Fast Fourier Transform (FFT) every 20 sweeps. F-ratios were calculated to estimate the probability that the ASSR amplitude at the repetition frequency of each primary was significantly different from the average amplitude of background noise at the repetition frequencies as well as the adjacent sideband frequencies (Han, et al., 2006 ; Tlumak, et al., 2007) .
‡ Recordings were stopped when the noise around the primary stimulus modulation frequencies (i.e., in the FFT sidebands around the repetition rate frequency) was 15 nV or lowerthis required 3 to 6 min of recording per condition. Because the presentation level of this study was suprathreshold, responses were typically present and well above this noise level.
Procedure
Subjects reclined in a comfortable chair in the double-walled sound-attenuated booth, and were instructed to relax or sleep during the ASSR test session. Behavioral thresholds for pure-tone airconduction stimuli were obtained at the beginning of the session to ensure that subjects had normal hearing. The total testing time was about 2 hr, including time to obtain behavioral thresholds. The procedures of the study were approved by the Behavioral Research Ethics Board of the University of British Columbia. Subjects signed a consent form before commencing an experiment and were paid an honorarium at the end of the session.
Data Analyses
The measures of interest were the ASSR amplitudes for the primary carrier frequencies, which were averaged across subjects. Two additional subjects were rejected from the study because their results included nonsignificant ASSRs for two or more durations in a condition. Responses to the interfering stimuli were not analyzed in this study.
In Experiment 1, comparisons across stimulus durations and conditions (or frequencies) were made using a two-way repeated-measures analysis of variance (ANOVA). Huynh-Feldt epsilon adjustments for repeated measures were applied when appropriate; probabilities reported reflect these adjustments. Newman-Keuls post hoc comparisons were performed for significant main effects and interactions. In Experiment 2, two-way (condition ϫ duration) repeated-measures ANOVAs were carried out separately for each primary carrier frequency. The criterion of statistical significance was p Ͻ 0.05 for all comparisons. ‡ The IHS Smart-EP ASSR determines response presence in a manner similar to the MASTER technique (John & Picton, 2000) but with two primary differences. First, the IHS system uses a smaller number of noise bins (10 versus 120) and thus a smaller number of degrees of freedom in the resulting F test. Second, it calculates two measures of noise; the first using the noise sidebins similar to MASTER and the second using noise at the modulation rate calculated from an FFT of the time-domain plus-minus noise estimate. The plus-minus noise estimate is essentially the difference between two replicate time-domain waveforms, and has been used in many studies as an estimate of residual noise in the ABR (e.g., Picton, Linden, Hamel, & Maru, 1983; Savio, Perez-Abalo, Gaya, Hernandez, & Mijares, 2006; Valdes-Sosa, Bobes, Perez-Abalo, Perera, Carballo, & ValdesSosa, 1987) , and recently with the ASSR (Han et al., 2006; Tlumak et al., 2007) . IHS use of this extra noise estimate for the ASSR is unique, with the result that two measures of response signal-to-noise ratio are calculated, both of which must be significant for the system to decide "response present". Measures of response amplitude are similar between the IHS system and MASTER. Figure 2 presents the results of an individual subject in Experiment 1, showing ASSR spectra in response to the two primary stimuli in the singleand multiple-stimulus conditions and for several stimulus durations. In general, there are larger responses to shorter-duration stimuli for both single-and four-stimulus conditions at 2000 Hz, and for the single-stimulus condition at 500 Hz. Changing stimulus duration has little effect on 500-Hz ASSR amplitudes in the multiple (4) stimulus condition. Figure 3 shows the mean (and 1 standard error) ASSR amplitudes in the single-and multiple-stimulus conditions, as a function of stimulus duration for 500 and 2000 Hz. At 2000 Hz, results of a two-way repeated-measures ANOVA showed that there were significant condition (F ϭ 42.0; df ϭ 1, 11; ⑀ ϭ 1.00; p Ͻ 0.001) and duration (F ϭ 39.1; df ϭ 5, 55; ⑀ ϭ 0.54; p Ͻ 0.001) main effects for ASSR amplitude. There was no significant condition ϫ duration interaction. The response amplitudes in the single-stimulus condition were significantly larger than those in the multiple-stimulus condition. Post hoc analysis indicated that the duration effect was due to significantly larger responses to stimuli with durations of 0.5 and 2 msec compared with longer durations. No significant change was seen in amplitude for durations between 4 and 12 msec.
RESULTS
Experiment 1: The Effect of Stimulus Duration on the ASSR
At 500 Hz, a two-way repeated-measures ANOVA showed that there was a significant main effect of duration (F ϭ 6.1; df ϭ 5, 55; ⑀ ϭ 0.65; p ϭ 0.002) and a significant condition ϫ duration interaction (F ϭ 15.6; df ϭ 5, 55; ⑀ ϭ 0.48; p Ͻ 0.001). There was no significant condition main effect. Post hoc analyses showed that significantly larger responses were present at the stimulus durations of 2, 4, and 6 msec compared with longer durations in the single-stimulus condition. In the multiple-stimulus condition, there was no significant amplitude change with duration decrease. Indeed, the 500-Hz ASSR amplitude to the very brief 2-msec stimulus in the fourstimulus condition decreased compared with the 4-msec stimulus, although this did not reach significance (p ϭ 0.25). Response amplitudes to 500-Hz stimuli with 2-, 4-, and 6-msec durations in the multiple-stimulus condition were significantly smaller than those for single-stimulus condition. The amplitudes of responses to 8-, 10-, and 12-msec stimuli were not significantly different between single-and multiple-stimulus conditions.
A two-way (duration ϫ frequency) repeatedmeasures ANOVA was carried out to compare 500-and 2000-Hz response amplitudes for durations of 2, 6, 8, and 12 msec, in the single-stimulus condition. This analysis showed significant main effects of duration (F ϭ 61.6; df ϭ 3, 33; ⑀ ϭ 0.94; p Ͻ 0.001) and frequency (F ϭ 6.2; df ϭ 1, 11; ⑀ ϭ 1.00; p ϭ 0.003), and a significant duration ϫ frequency interaction (F ϭ 4.3; df ϭ 3, 33; ⑀ ϭ 0.97; p ϭ 0.012). Post hoc analyses indicated that responses to the 2-and 6-msec stimuli were significantly larger for 500 Hz compared with 2000 Hz, whereas there was no statistical difference between 500 and 2000 Hz for longer stimulus durations (i.e., 8 and 12 msec). In contrast, a two-way repeatedmeasures ANOVA on the multiple-stimulus condition results for both frequencies at these four durations showed no significant effects of duration or frequency and no duration ϫ frequency interaction.
To compare ASSRs to stimuli with approximately similar frequency specificity, durations were converted to number of carrier frequency cycles. A two-way (cycle ϫ frequency) repeated-measures ANOVA comparing 500-and 2000-Hz response amplitude to one-, four-, and six-cycle stimuli in the single-stimulus condition showed a significant main effect of number of cycles (F ϭ 106.5; df ϭ 2, 22; ⑀ ϭ 1.00; p Ͻ 0.001), with no significant frequency main effect or frequency ϫ cycles interaction. Post hoc analyses revealed that the responses to one-cycle stimuli were the largest, four-cycle stimuli were the second largest, and six-cycle were the smallest. In contrast, a similar ANOVA on the multiple-stimulus condition showed a significant frequency ϫ cycle interaction (F ϭ 14.1; df ϭ 2, 22; ⑀ ϭ 0.60; p ϭ 0.002) and no significant main effect of either frequency or number of cycles. Post hoc analyses revealed that the interaction was due to significantly smaller response amplitude to one-cycle stimuli for 500 Hz compared with 2000 Hz. Figure 4 replots the duration results of Experiment 1 in terms of number of cycles, normalizing the amplitudes to percentage change from the six-cycle stimuli in the singlestimulus condition results. Single-stimulus ASSR amplitudes increase as brief-tone duration decreases from six cycles.
Experiment 2: Effect of Removal of Interfering Stimuli in the Multiple-Stimulus Condition on the Effects of Brief-Tone Duration on ASSR Amplitude
Experiment 1 showed that decreasing brief-tone duration resulted in larger ASSR amplitudes when stimuli are presented in the single-stimulus condition, especially for durations shorter than six cycles. However, when presented in the multiple-stimulus condition, ASSR amplitudes in response to 500 Hz failed to show this effect of decreasing duration. ASSRs to 2000 Hz, though continuing to show the amplitude increase with duration decrease, showed significantly reduced amplitudes for all durations, such that only very brief (one-cycle) stimuli showed amplitudes larger than that for six-cycles stimuli (Fig. 4) . Experiment 2 investigated these phenomena further, systematically removing interfering stimuli to determine which (combination of) stimuli caused these amplitude reductions. Figure 5 shows the mean (and 1 standard error) response amplitudes for the different conditions for the 2000-Hz primary stimuli in Experiment 2. As expected from the results of Experiment 1, a repeated-measures ANOVA indicated a significant main effect of duration. Additionally, the main effect for stimulus condition was significant (F ϭ 6.7; df ϭ 4, 28; ⑀ ϭ 0.92; p Ͻ 0.001). There was no significant condition ϫ duration interaction. Post hoc comparison of the condition effect revealed that, collapsed across duration, the four-stimulus condition (Condition 2000A, the same as the multiple-stimulus condition in Experiment 1) had the smallest mean amplitudes, though it did not differ significantly from those conditions involving removal of only 500 Hz All the earlier analyses indicate that, at least for 75 dB ppe SPL stimuli, the removal of the 4000-Hz interfering stimulus had the greatest interaction on 2000 Hz; 1000 Hz had a small effect that almost reached significance, and 500 Hz had no impact. This pattern was the same for different brief-tone durations. Figure 6 shows the mean (and 1 standard error) response amplitudes for the different conditions at 500 Hz in Experiment 2. As with Experiment 1, results of a repeated-measures ANOVA showed the expected main effect of stimulus duration. Additionally, there was a significant main effect of condition (F ϭ 33.4; df ϭ 2, 14; ⑀ ϭ 1.00; p Ͻ 0.001) and a significant condition ϫ duration interaction (F ϭ 12.1; df ϭ 8, 56; ⑀ ϭ 1.00; p Ͻ 0.001). Post hoc analyses revealed that, for the 500-Hz stimuli with a 2-msec duration, the four-stimulus condition (Condition 500A, the same as the multiple-stimulus condition in Experiment 1) amplitude was the smallest. ASSR amplitude to the condition with both 1000 and 2000 Hz removed (Condition 500C) was the largest; amplitude with removal only of 1000 Hz (Condition 500B) was the second largest. For the 500-Hz stimuli with 4-and 6-msec durations, the responses to conditions with only 1000 Hz removed (Condition 500B) and both 1000 and 2000 Hz removed (Condition 500C) were not significantly different from each other, but they were significantly larger (p Ͻ 0.001 to p ϭ 0.039) compared with those in the four-stimulus 500A condition. For 500-Hz stimuli with durations of 8 and 12 msec, there were no statistical differences across all the conditions. This pattern of results suggest that the 1000-Hz interfering stimuli, and to a lesser extent the 2000-Hz interfering stimuli (because removing the 2000-Hz interfering stimulus in addition to the 1000-Hz stimuli did not result in a further increase in amplitude, except at 2 msec), were the primary cause of the 500-Hz ASSR amplitude reductions seen in the multiple-stimulus condition in Experiment 1. At least for 75 dB ppe SPL stimuli, these interfering effects are not seen when the 500-Hz stimuli are 8 to 12 msec in duration and thus reasonably frequency specific.
Comparison of the 500-Hz single-stimulus conditions of Experiment 1 to each 500-Hz condition in Experiment 2 indicated that response amplitudes of single-stimulus conditions were significantly larger than any of the conditions in Experiment 2. However, even the multiple-stimulus condition results of Experiment 1 are larger than those for the fourstimulus (500A) condition in Experiment 2, even though these are the same conditions, suggesting some differences between subject groups in the two experiments, at least for 500 Hz.
DISCUSSION The Effect of Stimulus Duration on the Brainstem ASSR
In the single-stimulus condition of the present study, ASSR amplitude decreased as stimulus duration increased for both 500 and 2000 Hz (Figs. 3, 4) . The amplitude changes were not significant once the durations were greater than 6 msec at 500 Hz and 2 msec at 2000 Hz. In terms of number of carrier frequency cycles, these amplitude increases occurred when stimulus duration decreased to three to four cycles or shorter (Fig. 4) . The increase in amplitude of the responses may result from a combination of one or more duration-related affects: that is, (1) decreased duration results in wider acoustic frequency spread, and the larger responses may reflect the greater number of neural elements stimulated along the cochlear partition, (2) as duration decreases, the slope of the rise (and fall) time increases, which may result in greater neural synchrony and larger responses, and/or (3) as duration decreases, the silent period between stimuli increases, which may allow more response recovery and thus larger amplitudes . On the other hand, wider frequency activation could also result in decreased neural synchrony as a wider (and time-dispersed) area of the basilar membrane is stimulated. This would be most likely for responses to lower frequency stimuli. Insight into the underlying mechanisms is provided by the following results: ASSR amplitudes to very brief stimuli (i.e., 2 and 6 msec) in the single-stimulus condition were larger for 500 Hz than those at 2000 Hz (Fig. 3) . However, when number of cycles was held constant and the acoustic frequency specificity (in logarithmic units) similar, there was no significant difference in amplitudes between the two frequencies (Fig. 4) . In this instance, with cycles held constant, the shorter rise time and duration (in milliseconds) for 2000 Hz would mean a steeper rise time and longer silent period between stimuli for the 2000-Hz stimuli compared with the 500-Hz stimuli. From this pattern, it could be concluded that it is decreasing frequency specificity and/or steeper rise time, rather than the longer silent period, which are the important factors underlying the increased ASSR amplitudes seen with decreasing stimulus duration. Further research should clarify this issue.
Previous studies have shown that tone-evoked ABR amplitudes increase with decreased stimulus rise time (e.g., Beattie, et al., 1984; Beattie & Torre, 1997; Cobb, et al., 1978; Jacobson, 1983; Kodera, et al., 1979; Stapells & Picton, 1981) . Stapells and Picton (1981) reported that the largest decrease in ABR amplitude occurred when stimulus rise times exceeded 5 msec (or durations of 10 msec), where the brainstem response became very small. Although differences in stimulus intensity and durations studied between ABR studies and the present ASSR study make direct comparisons difficult, when considered in terms of amplitude change as a function of duration in cycles, the trends are similar for ABR and ASSR. Slopes of amplitude change are approximately the same for ABR and ASSR for 500-Hz brief tones over the range of one to six cycles and for 2000-Hz brief tones over the range of 5 to 24 cycles.
When brief-tone stimuli are presented in the multiple-stimulus format, the pattern of effects seen with decreasing stimulus duration changes. For 2000-Hz stimuli, the effect of stimulus duration is similar between the single-and multiple-stimulus conditions (Figs. 3, 4) , although the amplitudes are reduced compared with the single-stimulus condition, unless stimulus duration is very brief (1 cycle). The finding that presenting higher-intensity stimuli in the multiple condition results in reduced ASSR amplitudes has been shown previously using longduration stimuli (e.g., John, et al., 1998) . In this case, with a decrease of only about 20%, the multiple-stimulus technique remains more efficient than the single-stimulus technique.
§ For ASSRs to 500-Hz brief-tone stimuli, however, the pattern differs for single-versus multiple-stimulus conditions, such that no change in ASSR amplitude is seen with duration change in the multiple-stimulus condition. Indeed, in the multiple-stimulus condition, the smallest amplitude was seen for the briefest (2 msec) 500-Hz stimulus, in contrast to the singlestimulus condition, where the 2-msec stimulus produced the largest amplitude. Interestingly, this "flattening" of the effects of duration on ASSR amplitude are reminiscent of similar effects of notched noise masking on ABR stimulus rise-time effects (e.g., Stapells & Picton, 1981) .
In response to the longer-duration 500-Hz stimuli in the present study, there was no difference between ASSR amplitudes in the single-versus multiple-stimulus conditions. Previous research (John, et al., 1998) had not assessed the single-versus multiple-stimulus differences for higher intensity 500-Hz stimuli. The explanation for the difference between 500 and 2000 Hz is uncertain, but may be related to the relatively higher ASSR thresholds for 500 Hz compared with 1000 and 2000 Hz (e.g., Herdman & Stapells, 2001; Lins, et al., 1996) as well as the poorer hearing sensitivity at 500 Hz versus higher frequencies (i.e., there is a 6-dB difference between the dB SPL required for 0 dB HL for 500 and 1000 Hz). Thus, the 75 dB ppe SPL 500-Hz stimuli of the current study may have been below the intensity where multiple-stimulus interactions are seen for 500-Hz ASSRs, at least for long-duration, frequency-specific stimuli. Further investigation is required. investigated stimuli with exponential modulation envelopes presented in multiple-stimulus (four stimuli per ear) combinations. Their results suggest that decreasing stimulus duration from approximately 12 msec to approximately 7 msec resulted in significantly larger responses. Their results for 55 dB peak SPL (52 dB ppe SPL) stimuli suggest that the amplitude increases in the range of about 40% to 50% for 500 Hz and 10% to 20% at 2000 Hz, although the difference between carrier frequencies just failed to reach significance. Compared with John, et al., the present study investigated responses to higher intensity stimuli over a wider range of durations (including briefer stimuli), in addition to the basic difference that this study used Blackman-windowed brief tones. It also compared results for singleversus multiple-stimulus conditions. Results over the whole range of durations in the present study showed larger changes in amplitude (80% to 100%) for stimuli in the single-stimulus conditions but changes similar to John, et al., when restricted to the same range of durations. In the multiple-stimulus conditions, however, the present study showed a similarly small change with duration at 2000 Hz, but overall amplitudes were reduced compared with the single-stimulus conditions. Results for 500-Hz stimuli in the multiple-stimulus condition of Experiment 1 of the present study, which show no improvement with decreasing stimulus duration, are quite different for those of John, et al. The reasons for these differences between results of the two studies are unclear, but may be due to the different stimulus intensities used. Experiment 2, however, does inform us as to which interfering stimuli are primarily responsible for the differences seen between the single-and multiple-stimulus conditions in the present study.
Which Stimuli Cause the Interference in Multiple-Stimulus ASSRs?
Work by John, et al., (1998) as well as Dolphin & Mountain (1993) and Dolphin, Chertoff, and Burkard (1994) indicates that ASSRs are attenuated by the presence of interfering stimuli with frequencies higher than the test frequency. In the present study's Experiment 2, both for long and brief stimulus durations, we show that for responses to 2000-Hz primary stimuli, the presence of the 4000-Hz interfering stimulus had the greatest effect (Fig. 5) ; the 500-Hz interference stimulus had no effect. However, Experiment 2 showed a small, albeit not quite significant, amplitude-decreasing effect of the 1000-Hz interfering stimulus on ASSRs to 2000-Hz primary stimuli. Few similar data exist for the effects of interfering stimuli of ASSRs to 500-Hz stimuli. The present study's results (Experiments 1 and 2) indicate the effect of the interfering stimuli on ASSRs to 500-Hz stimuli is primarily for brief-duration and not for the longduration (12-msec) stimuli. When stimulus durations are decreased, responses to the 500-Hz stimuli presented in the multiple-stimulus condition do not § The multiple-stimulus technique remains more efficient if the decrease ASSR amplitude in the multiple-stimulus condition relative to the single-stimulus condition is Ͻ1/M 0.5 , where M is the number of stimuli (John, et al., 1998) .
show increased amplitudes, and removal of the nearby interfering frequency (mostly 1000 Hz, but also 2000 Hz) results in significantly larger ASSRs to the brief 500-Hz tones.
As discussed earlier, one possible reason for the lack of an amplitude decrease in the multiple-stimulus condition for longer duration stimuli may be that the stimulus intensity (75 dB ppe SPL) is not quite high enough to cause interactions at this frequency. However, when stimuli with shorter duration are used, the increased spectral splatter may then result in significant interference and thus the duration effect is not seen for 500-Hz stimuli in the multiple-stimulus condition.
One question that arises is "Why do the 2000-Hz results show the duration effect in the multiplestimulus condition when 500 Hz does not?" One possible explanation it that it is likely more difficult to get reasonable ABRs and ASSRs from stimulation of cochlear regions reflecting frequencies below 500 Hz. Thus, if a 1000-Hz interfering stimulus removes much of the response due to frequency splatter above 500 Hz (seen for stimuli with brief durations), there is little effective stimulation left to respond to and the response amplitude does not grow, even with shorter stimuli and greater splatter. In contrast to responses to 500 Hz, 2000-Hz ASSRs can be effectively stimulated by acoustic splatter to frequencies on either side of 2000 Hz. Thus, although they may be attenuated by the presence of higher interfering frequencies (as shown in Experiment 2), a fairly good response can still be elicited by the splatter to frequency regions below 2000 Hz. Amplitudes of the ASSR to 2000-Hz stimuli are reduced but there remains an effect of decreasing stimulus duration in the multiple-stimulus condition .
Are Brief Tones Better Than Continuous Amplitude-Modulated Tones?
Larger response amplitudes probably result in faster response detection and possibly closer estimation to behavioral thresholds. Recent research has investigated the use of different stimuli to enhance the amplitude of ASSRs, hopefully without too much of a compromise in the frequency specificity of the stimuli (e.g., John, Purcell, et al., 2002; Sturzebecher, et al., 2001 ). The present study investigated the use of Blackman-windowed brief tones as stimuli for brain stem ASSRs. In response to brief tones with 12-msec durations (approximately one repetition rate cycle and thus similar to continuous amplitude-modulated tones), the present study obtained ASSRs with mean amplitudes of about 60 nV, which is within the range of amplitudes presented by other studies utilizing continuous amplitude-modulated stimuli (e.g., Herdman & Stapells, 2001; John et al., 1998) . Comparisons across studies are difficult because of differing stimuli, intensities, and measures; however, the longer brieftone stimuli do not seem to be worse (or better) than other stimuli. A more definite answer awaits further research comparing ASSRs with these stimuli.
As the present study indicates, brief-tone stimuli do result in larger ASSR amplitudes; however, this increase is only significant for very brief tones that are three to four cycles or shorter in duration. Such brief tones have much-reduced frequency specificity compared with the longer tones (Fig. 1) , which may represent too great of a compromise for prediction of puretone behavioral thresholds. Although brief tones of at least four to six cycles in duration (but shorter than a modulation/repetition rate cycle) result in ASSR amplitudes that do not differ from those to longer stimuli, there seems little point in using stimuli shorter than one modulation rate cycle if there is no response amplitude gain occurring with the reduction in acoustic frequency specificity. It must be noted, however, that brain stem ASSRs show much wider "effective spectra" than that of the acoustic spectra of continuous amplitude-modulated tones (Herdman, Picton & Stapells, 2002) , thus the compromise in effective frequency specificity by using brief tones may not be so dramatic. Further research into the effective spectra of ASSRs to single and multiple stimuli, including results for higher intensity stimuli and from subjects with hearing loss (who have decreased frequency selectivity), is warranted.
When brief tones having durations of one to four cycles are presented simultaneously in the multiplestimulus ASSR technique, the increased interactions, likely resulting from the increased spectral splatter, decrease (2000 Hz) or remove (500 Hz) the amplitude benefit provided by the use of brief-tone stimuli. The results of the present study agree in general with previous research suggesting that presenting multiple (four carrier frequencies) stimuli simultaneously is more efficient than single stimuli; however, for 500 Hz, this conclusion holds primarily for longer-duration stimuli and less so for stimuli with durations of three to four cycles or less.
In conclusion, although brief tones may result in larger-amplitude ASSRs, their duration must be quite brief (not more than three to four cycles) to show a significant increase. Moreover, when presented together with other stimuli in the multiplestimulus technique, response interference reduces the amplitudes of ASSRs and for 500 Hz removes the amplitude gain normally seen with decreasing stimulus duration. Brief-tone stimuli, therefore, may not be optimal for ASSR threshold estimation, espe-cially because of the compromise in frequency specificity accompanying the use of very brief tones.
